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Covering Letter: 

In a broad sense, we may say that the light energy available for algal growth can be thought 

of as a substrate and consequently, the local volumetric rate of photon absorption is the key 

property of the radiant field to be included in growth rate expressions of photosynthetic 

microorganisms. In the submitted manuscript, the local volumetric rate of photon 

absorption in the culture medium clearly arises as being the property which links the radiant 

energy field with the algal growth kinetics through the initial photon capture step of the 

photosynthetic mechanism.  

 

The design, control and optimization of photo-bioreactors call for intrinsic growth kinetic 

expressions, depending only on the intensive physicochemical properties of the culture 

medium and independent of the configuration and size of the experimental device used for 

Cover Letter



its determination, as well as of the features of the radiant energy source.  The use of 

average values of the properties of the radiant field in growth kinetic expressions leads to 

systematic error in the choice or in the derivation of the growth kinetics and in the 

parameter assessment as it also happens in other related applications (Alfano, Irazoqui, 

Cassano). A growth kinetics that depends on the configuration and the size of the 

experimental photo-bioreactor, or in the characteristics of its light source, severely hampers 

the possibility of a rational change of scale and of the geometrical characteristics of the 

reactor as well as of the features of the light source.  

Algal growth rates strongly depend on the rate of photon absorption by the photosynthetic 

systems of the algal cells per unit culture volume. Therefore, intrinsic growth kinetic 

models should be expressed as functions of the local volumetric rate of photon absorption. 

The objective of this work is the derivation of an intrinsic kinetic expression for the algal 

growth rate based on a simplified proposed pathway, explicitly showing its dependence on 

the light availability at every position in the culture, as well as on the biomass. The kinetic 

expression obtained depends on the local volumetric rate of absorption of photons with 

wavelengths in the visible range, 
abs

Visr , resulting as a consequence, sensitive to the existence 

of differently illuminated areas within the reactor. This kinetic expression is a 

physicochemical property, so that it functionally depends on other physicochemical 

variables and the expression is independent of the configuration of the reactor and the light 

source, allowing its use in scale-up processes. 

We confirm that all elements of the submission are in compliance with the journal 

publishing ethics policy. 



In this work a kinetic expression is derived from the photosynthesis mechanism. 

The expression consider the biomass concentration and the photon absorption rate  

The kinetic parameters are computed considering the stratification inside the reactor 

The kinetic is independent of the reactor configuration and of its light source. 
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of photon absorption was predicted based on a physical model of the interaction of the radiant energy 

with the suspended biomass, together with a Monte Carlo simulation algorithm. The proposed intrinsic 

expression of the biomass growth rate, together with the Monte Carlo radiation field simulator, are key 

to scale up photobioreactors when operating under low  irradiation conditions, independently of the 

configuration of the reactor and of its light source. 
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NOTATIONS 

PBR Photo-bioreactor 

REF Radiant EnergyField 

VIS Refers to the visible region of the spectrum: 400 700nm   

t  Time [day] 

x  Biomass concentration [gr L
-1

] 

xr  Rate of biomass growth [gr L
-1

 día
-1

] 

  Radiation wavelength [nm]  

 t  Spectral ligth absorption coefficient [cm
-1

] 

 t  Spectral ligth scattering coefficient [cm
-1

] 

 B    Ligth scattering phase function [dimensionless] 

 absr r ,t  spectraldistributionoflocalvolumetricrateof absorption of photons [µmol ofphotonsmL
-1

 

s
-1

 nm
-1

] 

 abs

Visr r ,t  localvolumetricrateof absorption of photons-VIS, with 400 700nm   [µmol 

photonsmL
-1

 s
-1

] 

 abs

Visr t  averagevolumetricrateof absorption of photons-VIS, with400 700nm   [µmol 

photonsmL
-1

 s
-1

] 

 

 abs

Visg r ,t  distributionfunctionof reactor volumen fractionsamongall posible 

averagevolumetricrateof absorption of photons-VIS,
abs

Visr [(µmol photons)
-1

mLs] 

 

1 - . INTRODUCTION 
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The use of microalgae as a source of oil for the production of biofuels has received much attention in 

recent years [1, 2]. This is mainly because these have minimal nutritional requirements and are able to 

use solar energy more efficiently than superior plants, including traditional crops such as wheat, corn, 

soybean, sugar cane, etc [3, 4]. They are not only able to grow at high rates thus rendering high yields of 

oil in terms of tons per hectare per year, but they can do so in contaminated sewage and sea waters, unfit 

for human consumption or agricultural use. It is also possible to carry out cultivation in arid zones, flood 

plains or lands not fit for agriculture, so algal culturing does not compete for land with traditional 

agriculture [5, 6]. Furthermore, not only the biodiesel industry paid attention to these microorganisms, 

but they have also been identified as a feedstock in the production of food and animal feed; as in 

environmental remediation agents for effluent treatment; as a source of high valued products for the 

food industry and cosmetics (such as pigments, antioxidants, PUFAs); and  as a biotechnology platform 

for recombinant protein expression; etc. [7, 8, 9]. 

In the last decade there have been significant developments regarding each of the stages involved in the 

algal production process, considering both up-stream and down-stream operations. However, despite the 

significant progress made so far, there still remains the need of further research to achieve sustainable 

and economically viable technologies [10, 11, 12]. In the case of the culturing step, for example, it is 

necessary to solve issues such as (i) how to achieve an efficient illumination of the algal suspension; (ii) 

how to feed carbon dioxide to the culture, enabling the enrichment of the air stream with additional CO2 

while minimizing losses to the atmosphere; (iii) how to remove the oxygen produced during 

photosynthesis, which could inhibit cell growth, and; (iv) how the scaling must be performed from the 

laboratory culture reactor to the production scale reactor  [13]. 

Autotrophic algae utilize water as an electron source; sunlight as a source of energy and carbon dioxide 

as a carbon source [14]. The light from a radiation source (either natural or artificial) reaches the crop 

through one or more transparent reactor boundaries. Within the culture, the energy carried by the light 

beams is partially absorbed by the suspended cells as rays reach deeper zones in the culture [10]. This 

phenomenon dependens on the light wavelength: the extent to which the absorption of radiant energy 

occurs is not the same irrespective of itswavelength, but presents a profile defined by two spectral zones 

of high absorption (from 400 to 500nm, and from 600 to 690nm), separated by a low absorption region 

(Fig. 1) ([15, 16]. Furthermore, algal cells suspended in the culture also cause elastic scattering of the 

light beams, so that part of the energy they carry is deflected from their direction previous to the 

encounter into new ones without energy loss [15]. The presence of absorption and elastic scattering of 
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radiation has two consequences:(i) within the reactor occur areas illuminated with varying degrees; and 

(ii) the spectral composition of light in deeper areas is different than the emission profile of the lamp, 

because  the maximum of the light distribution progressively shifts toward wavelengths less useful for 

photosynthesis. 

 

<Figure 1> 

Figure 1. (□) absorption coefficient αλ vs wavelength; and (×) scattering coefficient ξλ vs wavelength 

within the 400–700 nm region for a 1.65 g L
-1

 Chlorella sp. suspension. (Adapted from Heinrich J. M. et 

al, 2012 [17]) 

 

The light available at a given position in the suspension depends on (i) the reactor and energy source 

layout; (ii) the emission power of the lamp and its spectral composition; (iii) the absorption and 

scattering of radiant energy by the cells in the crop; (iv) the reflection and refraction of energy beams at 

the reactor surfaces; and, (v) dispersion of energy due to the presence of bubbles or other particles in the 

culture medium, if they are present. 

In a previous work [17, 18] a model of well mixed algal suspensions, considering them as a continuum 

with absorption and scattering centers homogeneously dispersed, was proposed. Given the temperatures 

involved in algal crops, light could be assimilated as a gas of photons which move in different directions 

with the speed of light. Based on this physical model, Monte Carlo algorithms were developed and 

computationally implemented with different purposes: one for the determination of optical properties of 

the suspensions of microalgae (including the spectral absorption coefficient of radiant energy  , the 

spectral coefficients of radiant energy dispersion  ; and the phase function  B   , associated with 

the scattering of radiant energy  by suspended cells; and the other  for the simulation of the field of 

radiant energy in PBRs [15-18]. With the obtained optical parameters, the simulation methodology was 

used to predict the REF in the PBR used in this work (Fig. 2). As a result it was possible to predict the 

value of the local volumetric rate of absorption of photons 
abs

Visr  and its change with the algal culture 

growth. It was also possible to predict the changing degree of stratification of light in the reactor, 

through the computed distribution of reactor volumes  abs

Visg r ,t  among the different values of the 
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volumetric rate of absorption of photons 
abs

Visr , resulting from the stratification of light. The results show 

how increasing microalgae concentration results in the presence of dark areas due to the self-shading 

effect, and how the spectral distribution of the light changes as the energy beams reach deeper areas in 

the culture. 

The objective of this work is the derivation of an intrinsic kinetic expression for the algal growth rate 

based on a simplified proposed pathway, explicitly showing its dependence on the light availability at 

every position in the culture, as well as on the biomass concentration.  For this it is necessary to single 

out, among the  properties of the radiant energy field, that on which the algal growth rate is functionally 

dependent, and physical reasons why and how this dependence is expressed mathematically, besides 

proposing a methodology for the evaluation of this property at any position within the suspension. 

Consistently with the experimental runs, the kinetic expression was derived assuming low lighting 

conditions, thus precluding the posibility of photoinhibition. The choice of light as the controlling 

substrate is consistent with the usual practice in reactor analysis to determine the relative impact of each 

one of the ongoing processes (in this case, light absorption); and the property and the mathematical form 

through which it participates in the expression sought for the algal growth rate. 

The kinetic expression obtained depends on the local volumetric rate of absorption of photons with 

wavelengths in the visible range, 
abs

Visr , resulting as a consequence, sensitive to the existance of 

differently illuminated areas within the reactor. This kinetic expression is a physicochemical property, 

so that it functionally depends on other physicochemical variables and the expression is independent of 

the configuration of the reactor and the light source, allowing its use in scale-up processes. 

 

2. - MATERIALS AND METHODS  

Microalgae and inoculum: A Chlorella sp microalga strain, isolated from the Setúbal Lagoon (Santa Fe, 

Argentina) kindly provided by Dr. AM Gagneten, FHUC, University of Litoral, was used in this work. 

Inocula were prepared as follows: Erlenmeyer flasks containing 750 ml of BBM medium [19] were 

sterilized for 15 minutes in autoclave at 121
 o 

C, cooled and seeded with the microalgalstrain. Inocula 

were grown axenically at room temperature, lit by a daylight fluorescent lamp (16 W input power 

Philips lamp, Philips Argentina S A, Buenos Aires, Argentina). A stream of atmospheric air is sterilized 

by filtration (0.45 m pore filter).  Then is bubbled  through the suspension with the purpose of supplying 
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the inoculum with the CO2 needed for growth, while the O2 produced is removed. As they raise, the 

bubbles cause small swirls that  keep the suspension well mixed. This process is discontinued when a 

sufficiently high concentration of cells (about 500 mg L
-1

) is reached. 

 

<Figure 2> 

Figure 2: Photobioreactor [15]. It consists of a cylindrical annulus between two glass tubes, 

coaxiallyaligned to a daylight fluorescent lamp. Lamp diameter: 26mm; PBR internal diameter: 50mm; 

PBR external diameter: 250 mm; PBR height: 310mm. Headof culture media: 210mm.  

 

 

<Table I> 

 

Reactor and culture conditions: The PBR (Fig. 2) consists of two glass tubes 50 and 250mm outer 

diameter, respectively, coaxially aligned to a fluorescent daylight cylindrical lamp (Philips; diameter: 26 

mm; power input:16W). In order to record the pH and to control the temperature of the culture as well as 

the air flow and the concentration of CO2 in the gas stream, the reactor was connected to a cultivation 

platform LabFors3 (InforsHT). Microalgal cultures were carried out at three different conditions 

resulting from varying the concentration of carbon dioxide in the gas stream. In each experimental run, 

500 ml of inoculum were used to start the culture in a 10 L PBR, already charged with 9.5 L of medium. 

The BBM culture medium was modified as shown in Table I in order to ensure that the pH and the 

osmotic pressure of the medium remain unaltered when the carbon dioxide concentration in the gas 

phase is changed. Also, the nitrate source of nitrogen in the original formulation was substituted by urea, 

in order to prevent changes in the pH of the culture caused by the metabolism of nitrate. 

Simulation of the radiation field: The Monte Carlo method was employed to simulate the radiation field 

in the PBR. The procedure starts from the emission source. The emission of light by the lamp is 

superficial and isotropic (i.e. the intensity of the emitted light is independent of the direction of emission 

from any point on the lamp surface). Moreover, it is assumed that the lamp emits homogeneously 

throughout its entire surface. First, a position on the lamp surface is randomly chosen, and both a 

direction and a wavelength are assigned to each emitted photon according to the emission characteristics 
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of the radiation source. Successively, the trajectory of each photon among a sufficiently large number of 

them is simulated as they travel through the suspension until it reaches its eventual termination. Photons 

can be removed from the radiation field when they are absorbed by the microalgae suspension; when 

they impact on any opaque surface; or because they leave the reactor through the external glass wall. 

The reflection on the glass walls was modeled as that occurring on an interface without thickness. The 

reflection of photons on the reactor bottom and on its lid (both made on mirror-polished steel) were 

modeled as specular reflections. The effects of the probes and control devices (pHmeter, O2 sensor, cold 

finger, temperature sensor, sampling port, etc.) on the radiation field were neglected. One by one, 

photons are emitted from the lamp in a succession, and in their way they undergo different events. 

Although the photons are emitted sequentially, it is important to keep in mind that all of them are 

simultaneous, and altogether simulate the radiation field distribution inside the reactor at every moment. 

This radiation field adjusts itself without delay to the evolution with time of the microalgae culture, 

following its changes in a permanent steady state [15].  

Concentration of biomass: the biomass concentration was determined by the method of Total Suspended 

Solids [20]. For this, the cells contained in a 50mL aliquot of the culture medium were retained by a 

glass fiber filter ( 0.45  m ), washed with distilled water to remove residual medium and oven dried at 

100 
o
C for 1 hour. The cell biomass was reported in grams of dry biomass per liter of culture medium 

[gDW L
-1

]. 

Concentration of Chlorophylls: the content of total chlorophylls was determined using the technique 

reported by Ritchie [21]. For this, the cells in an aliquot of the culture medium were centrifuged, 

resuspended in distilled water and centrifuged again to remove traces of culture medium. Chlorophylls 

were extracted with ethyl alcohol at room temperature for 24 hours. The chlorophylls content was 

calculated from the absorbance at 632, 649 and 665nm, using the absorption coefficients reported in the 

same work. 

Concentration of urea: determinationsof urea concentrationwere performed using a commercial enzyme 

kit Color2R Urea, from Wiener Lab. 

 

3. - RESULTS AND DISCUSSION.  

3.1 A kinetic model of cell growth. 
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A kinetic model of autotrophic growth of microalgae under low illumination conditions is derived, based 

on the simplified reaction pathway for the light-dependent stage of photosynthesis listed in Table II [22-

24]. The simplified pathway proposed for the light-dependent stage starts with the absorption of radiant 

energy by photosystem II (PSII). In the antenna complex of PSII, radiant energy is captured by 

chlorophyll pigments. The speed of this “reaction” step equals the product of the rate of absorption of 

photons in the PSII, multiplied by an efficiency II . Since the absorption of photons occurs almost 

exclusively in PSII and PSI, the rate of absorption of photons in the PSII can be written as a fraction II  

of the rate of absorption of photons per cell 
abs

VISR . 

 

<Table II> 

 

Then, the absorbed energy is carried to the reaction center of the photosystem, where a charge separation 

occurs at the specific pair of chlorophylls, giving rise to a hole IIh
 bearing a positive charge and an 

electron IIe
 Eq. (1). The hole-electron pair may recombine releasing termal energy Eq. (2). To prevent 

this to happen, each highly oxidative hole IIh
 is combined with an electron provided by an enzyme 

complex MnCE  attached to PSII, which consists in a cluster of manganese atoms with different oxidation 

states. This cluster releases in a succesion four electronsto the PSII complex  Eqs. (3.1) to (3.4) thus 

neutralizing four positively charged holes. The four electrons are replenished at once by oxidation of 

two molecules of water to produce oxygen and protons Eq. (3.5), thus returning the the cluster to its 

initial oxidation state. 

The electron IIe
, which was the partner of the annihilated hole IIh

 is used to reduce a quinone Q , 

temporarily attached to PSII. This quinone is capable of accepting two electrons producing 

hydroquinone 2QH  Eq. (4.1) and (4.2). Thereafter the hydroquinone is oxidized in the cytochrome b6/f 

Eq. (5.1) coupled with the sequential reduction of two plastocyanin molecules PC  Eqs. (5.2) and (5.3). 

Furthermore, in the cytochrome b6/f, a reaction known as Q-cycle is produced. When the reaction 

follows this way, the quinone Q  produced in reaction 5.1 is further reduced to recover  hydroquinone

2QH ; the net result is the transport of two protons. Then, absorption of another photon in the PSI occurs. 
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The process of absorption and charge separation takes place in a manner analogous to what occurred in 

the PSII, except that in this case a plastocyanin molecule is the donor of electrons to neutralize the 

positivelycharged hole Ih
; and ferredoxin Ferr  is the final electron acceptor.  

The simplified pathway proposed for the light-dependent stage starts with the absorption of radiant 

energy by photosystem II (PSII). The light-dependent stage is followed by a network of enzymatic 

reactions not directly related to the use of radiant energy, but its main substrates are the products of the 

light dependent mechanisms that occur in the PSII and PSI. One of these reactions uses two molecules 

of ferredoxin to produce NADPH from NADP
+
 Eq. (10); and another involves the use of potential 

energy stored as a proton gradient to catalyze formation of ATP from ADP and Pi Eq. (11). Both ATP 

and NADPH are substrates for many enzymatic reactions. Among them is the CO2 fixation reaction by 

RubisCO enzyme [23,24].  

Ferr NADP  Reductase

ext2Ferr NADP H 2Ferr NADPH       (10) 

ATP  S int ase

i int extADP P H ATP H       (11) 

Given that our operating conditions are such that the absorption of radiant energy is the rate limiting step 

for cell growth, we will make the following assumptions: 

• The energy harvesting stage is the limiting step of growth, and the rate of cell growth is proportional to 

the intracellular rate of formation of Ferr
-
 Eq. (9).  

• All the intermediate compounds involved in the electron transport reactions are at their kinetic steady 

state. There is no accumulation of such species within the cells, so that their intracellular rate of 

formation equals that of their consumption.  

• Total intracellular concentrations of the compounds, enzymes and cellular structural materials involved 

in the transport of electrons are approximately constant during growth.  

• The ratio of the concentration of the oxidized form to that of  the reduced form of each compound is 

constant. 

With the assumption of kinetic steady state of short lived intermediates, we have: 

I
6 7 8h

r 0 r r r       (12) 
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 
I

abs

I II VIS 7 I I 8 Ih
r 0 1 R k e h k h PC 

                       (13) 

I
6 7 9e

r 0 r r r       (14) 

   
I

abs

I II VIS 7 I I 9 Ie
r 0 1 R k e h k e Ferr 

                  (15) 

From Eqs. (13) and (15): 

   

 

abs

9 I II VIS 7

I

7 8 9

k Ferr 4 1 R k
e 1 1

2k k k PC Ferr

 




 
           

 (16) 

 

 

abs
8 I II VIS 7

I

7 8 9

k PC 4 1 R k
h 1 1

2k k k PC Ferr

 






                

 (17) 

Considering the assumption regarding the proportionality of rate of cell growth with the intracellular rate 

of formation of Ferr , we may write: 

   x 1 9 1 9 I 1 Ir K r K k e Ferr K e Ferr            (18) 

where 
1K   is a proportionality constant. Combining Eqs. (15) and (18): 

   

 

2 abs

9 I II VIS 7

x 1

7 8 9

k Ferr 4 1 R k
r K 1 1

2k k k PC Ferr

 


 
   
    

 (19) 

Finally, from the third, fourth and fifth hypotheses, we arrive at the following expression for the rate of 

cell growth under conditions in which light is the limiting factor:  

abs

VIS
x 3 2

r
r K 1 K 1

x

 
   

 
 

  (20) 

where 

 
2

9

3 1

7

k Ferr
K K

2k
   (21) 

 

 
I II 7

2

8 9

4 1 k
K

k k PC Ferr

 





  

  (22) 
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In Eq. (20), the intracellular photon absorption rate 
abs

VISR has been related to the local volumetric rate of 

absorption of photons
abs

VISr  in the reactor as follows: 

gr  of biomass

Volume of  mediumphotons photonsabs abs

VIS VIStime × Volume of  medium time × Volume of  biomass gr  of  biomass

cel Volume of  biomass

x
r R



           

 (23) 

3.2 Modeling and Analysis of Radiant Energy field. 

The local spectral volumetric rate of photon absorption  absr r,t , is the number of photons of 

wavelength between  and d  , locally absorbed  per unit time and unit volume of culture. From its 

very definition we conclude that  absr r,t  is the local distribution over   of the volumetric rates of 

photon absorption at a time t  and at any position r  in the PBR. This distribution can be related to the 

spectral density distribution of photons  n r,t  through the speed of light c  and the spectral absorption 

coefficient of radiant energy  t , as follows 

     absr r,t c t n r,t    (24) 

Then, the local volumetric rate of absorption of photons  abs

VISr r,t , considering all the photons in the 

visible range from 400 to 700nm is 

       
700 700

abs abs

VIS

400 400

r r,t r r,t d c t n r,t d       (25) 

In Eq. (25)  t is the spectral absorption coefficient of radiant energy of the homogeneous 

suspension. This coefficient depends on time only indirectly through the concentration of biomass and 

the chlorophyll content [17]. The spectral density distribution of photons  n r,t  at the position r  and 

at time t  is related to the spectral distribution of radiation energy density  e r,t  

   
hc

e r,t n r,t 


   (26) 

where h  is Planck's constant. Moreover, the local density  VISn r,t , considering all the photons with 

wavelength in the range 400 to 700nm, is 
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   
700

VIS

400

n r,t n r,t d     (27) 

In Eq. (25)  t is experimentally measured, and  n r,t  can be obtained by numerical simulation, 

using the methodology based on the Monte Carlo method proposed by Heinrich et al [15-18].  

Light is unevenly distributed in the reactor because of the phenomena of absorption, scattering, 

reflection, etc, associated with the transfer of radiant energy and with the configuration of the PBR. The 

stratification of light increases along with algal growth, giving rise to zones with different local 

volumetric rate of absorption  abs

VISr r,t  and different local volumetric density  VISn r,t  of photons with 

wavelength in the visible region of the spectrum. The stratification of the light in the reactor is of 

importance to the design, scaleup, and optimization the photobioreactor.   

To quantify the degree of stratification of the light in the photobioreactor, lets asume that the product 

 abs abs

VIS VISg r ,t dr  is the fraction of the total culture volume with volumetric rate of photon absorption 

between 
abs

VISr  and 
abs abs

VIS VISr dr . The cumulative volume fraction with volumetric rate of photon absorption 

in the interval  abs

VIS0,r is 

 
   

abs
VIS

abs r
VIS abs abs

VIS VIS

0

V r ,t
ˆ ˆg r ,t dr

V
     (28) 

where  abs

VISV r ,t  is the cumulative volume of the suspension with volumetric rates of photon absorption 

in the interval  abs

VIS0,r  and abs

VISr̂  is an integration variable running over the open interval  abs abs

VIS VIS
ˆ0 r r 

. In particular,  abs

VISV r ,t  has been assessed for every value of abs

VISr using the Monte Carlo method 

proposed by Heinrich et al [15-18]. Realizing the condition  
abs

VIS

abs

VIS
r
lim V r ,t V


 , from Eq. (28) we can 

readily conclude that  abs

VISg r ,t is normalized to unity 

 
   

abs
VIS

abs abs
VIS VIS

abs r
VIS abs abs

VIS VIS
r r

0

V r ,t
ˆ ˆlim lim g r ,t dr 1

V 
     (29) 
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From Eqs. (28) and (29) we can conclude that  abs

VISg r ,t  is the volume distribution function among all 

possible rates of photon absorption. The relationship between 
 abs

VISV r ,t

V
 and  abs

VISg r ,t , inverse to that of 

Eq. (28), is 

 
   

abs

VIS abs

VISabs

VIS

dV r ,t1
g r ,t

V dr
    (30) 

This, in turn, can be numerically approximated as follows 

   
   

abs abs abs

VIS VIS VIS abs

VISabs

VIS

V r r ,t V r ,t1
g r ,t

V r

   
  

  

  (31) 

for sufficiently small values of abs

VISr . 

In Fig. 3 one can see how the stratification of light changes along with algal growth, giving rise to zones 

with different local volumetric rates of absorption. When the biomass concentration is low, the reactor 

operates with low rates of absorption because the absorption coefficient is low in the suspension and 

while the concentration of photons is high. As the suspended biomass increases, the zones nearer to the 

lamp show higher rates of absorption, however, this high absorption will reduce the concentration of 

photons in the deeper zones, which will operate at slower absorption rates. These results were 

thoroughly discussed in a previous communication [17]. 

 

<Figure 3> 

Figura 3: The distribution function  abs

VISg r ,t  in terms of volumetric rates of absorption of photons for 

different biomass concentrations: (a) Day 6: 57.3 mg L
-1

; (b) day 9: 135.0 mg L
-1

; (c) day 12: 219.2 mg 

L
-1

; (d) day 15: 311.7 mg L
-1

. Corresponding to 0.34% CO2 concentration in the air stream. 

 

3.3 The algal growth in the PBR and regression of intrinsic kinetic parameters 

In Fig. 4A, 4B and 4C the biomass growth in experiments carried out at three different concentration of 

carbon dioxide in the feed gas stream: 0.034 % (A- atmospheric concentration);0.34 % (B); and 3.4 % 
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(C). Increasing the CO2 concentration in the gas phase brings about shifts of the acid-base equilibrium 

favouring the formation of carbonate group, thus lowering the pH of the culture medium. If a base is 

added to offset this effect, then the ionic strength and osmotic pressure of the culture is altered. Since 

algae growth depends on these physicochemical properties, the initial formulation of the culture medium 

was changed (Table I) so that the pH, the ionic strength and the osmotic pressure are equal in all the 

cases tested. A further modification made on the original formulation of medium BBM, consists in the 

use of urea as the nitrogen source instead of NaNO3, in order to avoid changes of pH of the medium 

produced by the metabolism of NO3
-
. In this way, the pH was maintained within the range from 7.0 to 

7.2 throughout the culture time in the three experiments. 

 

<Figure 4> 

Figure4: experimental values (◊) and theoretical (
    

) of the biomass concentration [g L
-1

] versus time 

[day] for the three conditions tested CO2. (a) 0.034%. (b) 0.34%. (c) 3.4%. 

 

In all cell cultures the chlorophylls concentration was followed during the cultivation time (15 days).The 

experimental results showed that the intracellular content of total chlorophylls remained unchanged at a 

concentration of 2.4 mg Chl per 100 mg biomass (data not shown). As can be seen in Fig. 4, in all three 

cases cell growth progresses similarly although there is a big difference between the concentrations of 

CO2 in the gas stream. From these results it is possible to conclude that under these lighting conditions, 

growth is independent of the concentration of CO2 in the feed stream and light is the limiting substrate 

for growth. To take into account the ligth stratification, in this work the average cell growth rate xr  was 

calculated according to Eq. (32), instead of substituting a volume averaged rate of absorption of photons

abs

VISr in Eq. (20):  

 
abs

abs absVIS
x 3 2 VIS VIS

0

r
r K 1 K 1 g r ,t dr

x

  
   

 
 

   (32) 

The parameter regression based on all the experimental data was performed using a genetic algorithm, 

with the following results: 1

3

4 1 4.982 10 g L dayK        and 6

2

1 2.541 10 s g µmolK       . In Figs. 4A, 
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B and C, the solid line represents the growth curve as predicted with the kinetic model and for each 

initial biomass concentration. Predicted results show a good agreement with the observed data. 

 

4.- CONCLUSIONS. 

A kinetic expression for algal growth under light controlling conditions has been derived from a 

simplified pathway of the light-dependent step of photosynthesis. Such expression includes two 

adjustable parameters, which are clearly related to the kinetic constants and other parameters of the 

simplified mechanism, but above all allows for a clear identification of the local rate of photon 

absorption  abs

VISr r,t  with wavelengths in the range  400 700 nm  , as the property of the radiation 

field which should integrate that expression and the mathematical way in which it should appear in the 

kinetics. The average cell growth rate xr  was calculated taking into account the uneven distribution of 

light in the reactor because of the phenomena of absorption, scattering, reflection, etc, associated with 

the transfer of radiant energy and with the configuration of the PBR. For this, a methodology for the 

simulation of the radiant field throughout the suspension is applied, which allows not only predicting the 

density of radiant energy at each position in the crop, but also knowing its spectral composition, and 

calculate the rate at which energy is locally absorbed. Based on xr , the growth of algae as a function of 

time was simulated, showing good agreement with experimental data for different operating conditions. 
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Table I:Modifications of the BBM medium according to the composition of the air stream. 

Species/Property 
BBM 

(original) 

Modified BBM according to CO2 content 

0.034% 0.34% 3.4% 

NaOH [mol L
-1

] 0.0 1.98 10
-4

 7.05 10
-4

 5.88 10
-3

 

NaCl [mol L
-1

] 4.28 10
-4

 2.69 10
-3

 2.12 10
-3

 0.0 

pH 6.39 7.0 7.0 7.0 

NaNO3 [mol L
-1

] 2.94 10
-3

 -- -- -- 

Urea [mol L
-1

] -- 1.47 10
-3

 1.47 10
-3

 1.47 10
-3

 

Ionicstrength [mol L
-1

] 8.01 10
-3

 8.00 10
-3

 7.94 10
-3

 1.10 10
-2

 

Osmoticpressure [mmHg] 209.6 210.2 210.2 227.4 
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Table II: Reactions of the light dependent phase of the 

photosynthesis. 

Photosystem II 
hv

II IIPSII PSII e h      abs

1 II II VISr R   (1) 

II IIe h thermal energy     2 2 II IIr k e h          (2) 
0

II Mn Mnh CE CE    0

3.1 3.1 II Mnr k h CE         (3.1) 
2

II Mn Mnh CE CE     
3.2 3.2 II Mnr k h CE          (3.2) 

2 3

II Mn Mnh CE CE     2

3.3 3.3 II Mnr k h CE          (3.3) 
3 4

II Mn Mnh CE CE     3

3.4 3.4 II Mnr k h CE          (3.4) 
4 0

Mn 2 Mn 2 intCE 2H O CE O 4H      4

3.5 3.5 Mnr k CE      (3.5) 

II 2 exte Q H O QH OH       4.1 4.1 IIr k e Q     (4.1) 

II 2 2 exte QH H O QH OH       4.2 4.2 IIr k e QH     (4.2) 

Cytochrome and Q-Cycle 

6 6

2

2 b f b f intQH Cit Q Cit 2H       
65.1 5.1 2 b fr k QH Cit     (5.1) 

6 6

2

b f b fCit PC Cit PC       
6

2

5.2 5.2 b fr k Cit PC     (5.2) 

6 6b f b fCit PC Cit PC      
65.3 5.3 b fr k Cit PC     (5.3) 

6 6

2

b f 2 b f 2 extCit Q 2H O Cit QH 2OH        
6

2

5.4 5.4 b fr k Cit Q     (5.4) 

Photosystem I 
hv

I IPSI PSI e h       abs

6 I II VISr 1 R    (6) 

I Ie h disipación térmica    7 7 I Ir k e h          (7) 

IPC h PC    8 8 Ir k h PC          (8) 

Ie Ferr Ferr     9 9 Ir k e Ferr     (9) 
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